Introduction
Our brain contains about 100 billion neurons and almost all of them possess one long process, the axon. Together these processes reach the astonishing length of several million kilometers. An axon can be more than 1.5 m long (e.g. from spinal cord to toe) and thus makes these neurons the largest cells in our body. Most axons terminate in several thousand synapses connecting the axon to an entire set of neurons, thereby creating an amazingly complex connectivity (10 15 synapses).
During development and regeneration, however, the axon carries at its tip only one structure, the growth cone ( Fig. 1) , as was already revealed in the late 19th century by Cajal (1890) . The highly dynamic growth cone senses its environment by virtue of molecules in its plasma membrane (''receptors'') that are able to interact with molecules in the environment (''guidance cues'') and to trigger intracellular signalling cascades. This spatio-temporal differential signalling leads to a co-ordinated, directed re-organisation of the cytoskeleton inside the growth cone, resulting in appropriate steering reactions and hence the correct path-and targetfinding of the axon (Raper and Mason, 2010) . Part of these sensory growth cone plasma membrane proteins are classical receptors (such as neurotrophin receptors, integrins or Ephs) that bind to ligands which belong to other classes of proteins. Members of the large group of the cell adhesion molecules (CAMs), in contrast, interact with each other, i.e. CAMs bind to other CAMs. On growing axons reside two main groups of CAMs, the Calcium-dependent Cadherins and the Calciumindependent members of the immunoglobulin-superfamily (IgSF-CAMs). This review is focused on the IgSF-CAMs which comprise the largest and best studied class of CAMs with respect to nervous system development (Figs. 2 and 3).
IgSF-CAMs are pivotal for axon growth, fasciculation and navigation
A variety of IgSF-CAMs has been found on growing axons (Table 1) , including NCAM1 (Cunningham et al., 1987; Pollerberg and Beck-Sickinger, 1993; Rathjen and Rutishauser, 1984; Thanos and Bonhoeffer, 1984) , NCAM2 (Hamlin et al., 2004) , L1CAM (Brittis et al., 1995; Castellani et al., 2000; Rathjen and Rutishauser, 1984) , CHL1 (Schlatter et al., 2008; Wright et al., 2007) , NRCAM (de la Rosa et al., 1990; Zelina et al., 2005) , CNTN1 (Falk et al., 2002) , CNTN2 (Perrin et al., 2001; Stoeckli et al., 1997; Suter et al., 1995) , and ALCAM (Avci et al., 2004; Pollerberg and Mack, 1994) . All of these IgSF-CAMs have been shown to be important for fundamental processes underlying the correct wiring of the nervous system, in particular the correct navigation (i.e. path and target finding) and fasciculation (i.e. axons growing on each other forming bundles) of axons: Mice lacking L1CAM display hyperfasciculation and pathfinding errors of thalamocortical and corticospinal axons (Cohen et (Demyanenko et al., 1999) . In L1CAM as well as CNTN2 null mice, sensory axons project prematurely into the dorsal horn of the spinal cord (Law et al., 2008) In NrCAM k.o. mice, defasciculated fibers and aberrant axon trajectories were observed in the anterior commissure . In mice lacking CHL1, olfactory and hippocampal axons show abnormal defasciculation and impeded pathfinding (Montag-Sallaz et al., 2002) ; a very similar phenotype was found in the hippocampus of NCAM1 k.o. mice (Cremer et al., 1997) . Moreover, NCAM1-deficient mice exhibit corticospinal axons with aberrant ipsilateral routing and impaired growth (Rolf et al., 2002) . In the cerebellum of CNTN1 k.o. mice, axons are misdirected and less fasciculated (Berglund et al., 1999) . In ALCAM k.o. mice, axons of motoneurons as well as retinal ganglion cells (RGC) are only loosely bundled and occasionally route completely aberrantly (Weiner et al., 2004) . CNTN4-deficient mice display abnormal glomerular targeting of olfactory axons (Kaneko-Goto et al., 2008; . Often only double knock-outs of two IgSF-CAMs result in strong effects. The substantial overlap in functions of the single IgSF-CAM types indicates a substantial redundancy and hence to a high importance of these IgSF-CAMs for a proper nervous system development, but might be also due to yet undiscovered, subtle functional differences. During development and regeneration, axonal navigation largely depends on the interactions of extending axons with earlier grown axons of neighbouring neurons which project to the same target area. The type of IgSF-CAM interactions underlying such a tracking of a growth cone on a pre-existing axon bundle are trans-interactions (i.e. between IgSF-CAMs located in two contacting cell surfaces). Homophilic (i.e. between IgSF-CAMs of the identical type) trans-interactions (Fig. 4) are the most simple and elegant way to achieve tracking, i.e. bundling of axons of the same type. However, the interactions between axons of the same type do not need to exclusively rely on homophilic IgSF-CAM interactions: As all heterophilic IgSF-CAM interactions (i.e. between different types of IgSF-CAMs) between contacting axons of the same kind are reciprocal, these interactions also contribute to the commitment of the growth cone to this axon bundle. A prerequisite for a major role of IgSF-CAMs in axon tracking is the restriction of the IgSF-CAMs to projecting axons while the rest of the environment (e.g. the somata) is devoid of these IgSF-CAMs (Pollerberg and Mack, 1994) so that the advancing growth cone can ride on the axon bundle like a ''on a highway through the desert''. Almost all IgSF-CAMs thus play a dual role: as a sensory molecule on the growth cone, i.e. in navigation, and as an environmental cue on the pre-existing axons, i.e. in guidance . IgSF-CAMs have indeed been shown to mediate tracking of axons on axons and axonal fasciculation as well as to limit axonal straying away from axon bundles and thereby crucially support axonal routing (Avci et al., 2004; Cohen et al., 1997; Pollerberg and Mack, 1994; Rathjen et al., 1987; Wiencken-Barger et al., 2004; Zelina et al., 2005) . In addition to the trans-interactions, also cis-interactions (i.e. between IgSF-CAMs in the plane of the plasma membrane) have to take place to reach the necessary avidity required for attachment and signalling (Fig. 2) . It is noteworthy that IgSF-CAMs do not only interact with each other; they also bind to other classes of plasma membrane proteins present on growing axons as well as to a variety of extracellular and intracellular proteins (Table 1) .
3.
IgSF-CAMs mediate adhesion and trigger signalling in growing axons
As their name suggests, cell adhesion molecules, also the IgSF-CAMs, were originally considered as molecules just keeping neighbouring cells together like ''glue''. But IgSF-CAM-mediated attachment turned out to be also important Fig. 4 -Schematic side view of ALCAM in the plasma membrane interacting with nanopatterned substrate ALCAM. The depicted spacing (86 nm) allows for an anchorage of each ALCAM in the plasma membrane which interacts with an ALCAM on the nanaopattern to the spectrin hetero-tetramer via FERM-family members (blue circles) and enhances axonal growth (70 nm patterns do not support axon growth due to an incompatibility of the binding site spacing with the nanopattern spacing). ALCAM's homophilic cis-and trans-interactions are indicated.
for cell migration and axonal growth: In this scenario, IgSFCAMs are thought to act in a zipper-like fashion, progressively attaching the protruding growth cone tip to the substrate surface, e.g. a pre-existing axon, and thereby providing the required grip for axon advance (Cavallaro and Dejana, 2011; Kiryushko et al., 2007) . As evidence for the adhesive properties of IgSF-CAMs serves the plain observation that cells attach to surfaces coated with an IgSF-CAM if they express the appropriate trans-interacting IgSF-CAMs. These studies are hampered by the fact that cells shed a multitude of proteins which are deposited on the culture substrate and thus could contribute to cell attachment; it was therefore even questioned whether IgSF-CAMs are at all able to promote axon growth on their own (Goldberg, 2003) . However, acute application of lipid vesicles, bearing solely purified NCAM1, demonstrated their attachment to NCAM1 expressing cells (Sadoul et al., 1983) . More recent studies on ALCAM, offered as a culture substrate equipped with a passivation completely preventing the deposition of shed proteins, showed that -also without assistance of other proteins -cell attachment and axon growth can be mediated (Jaehrling et al., 2009; Thelen et al., 2008 Thelen et al., , 2007 . Moreover, single ALCAM expressing cells brought into contact to an ALCAM-coated surface revealed the binding strength of this trans-interaction (Te Riet et al., 2007) . Also completely cell-free experiments, where microspheres , lipid vesicles (Rutishauser et al., 1982) or cantilevers loaded with the purified IgSF-CAM (NCAM1, L1CAM, CNTN2) were used, show that IgSF-CAMs are capable to mediate adhesion by themselves, and this on both sides of the trans-interaction. Surprisingly, the adhesive forces mediated between IgSF-CAMs have only been determined as absolute values for very few IgSF-CAMs. Single-molecule force spectroscopy (SMFS) revealed that trans-interacting NCAM1 molecules require a rupture force to be separated of about 50-100 pN (piconewton, a measure for the binding strength) and similar values were found for ALCAM homophilic trans-interactions (Hukkanen et al., 2005; Te Riet et al., 2007) . On L1CAM-coated substrate, an advancing growth cone builds up adhesive forces in the range of 10 lN (i.e. about 50 nN/lm 2 ); this is only half the adhesion reached on laminin-coated glass but about one magnitude above the forces needed to counteract the tension forces created inside the growth cone (Zheng et al., 1994) . Assuming that also L1CAM molecules build up an adhesive strength in the range of 50-100 pN per trans-interaction, this finding points to 500-1000 L1CAM proteins per lm 2 growth cone plasma membrane, which is in accordance to densities of IgSF-CAMs in the plasma membrane (see below). It would be a much too simplistic view, however, to envision IgSFCAMs only as single tiny ''glue dots'' as the scenario is far more complex: via cis-interactions, IgSF-CAMs dimerize, trimerize, or oligomerize homo-and heterophilically, this way forming clusters and thereby increasing their avidity, i.e. boosting their adhesive forces . Maybe even more importantly, clustering also strongly enhances another property of the IgSF-CAMs: the activation of intracellular signal cascades (Hansen et al., 2008; Maness and Schachner, 2007) . As IgSF-CAMs not only mediate attachment but also activate intracellular signalling pathways, this led to (re-)terming them ''smart glue'' , ''recognition molecules'' or ''biosensors'' (Cavallaro and Dejana, 2011) . All axonal IgSF-CAMs analyzed so far (L1CAM, NCAM1, ALCAM, and CNTN2) stimulate signalling pathways which induce the activation of the MAP kinase Erk Schmid et al., 1999 Schmid et al., , 2000 Song et al., 2009; Thelen et al., 2008) ; this activation is pivotal for the instructive (i.e. not adhesive) capability of these IgSFCAMs, promoting axon growth (Schmid et al., 2000) and preference (Thelen et al., 2012a) . Since IgSF-CAMs do not possess any catalytic activity in their intracellular domain, they depend on assisted signalling, i.e. the recruitment of signalling-capable ''co-receptors'', for eliciting intracellular signalling pathways: Upon homophilic trans-interactions, L1CAM cis-interacts with integrins and induces them to activate a signalling pathway (including kinase Src, small GTPase Rac, PI3 kinase, and Erk) thereby promoting neurite growth Schmid et al., 2000; Thelen et al., 2002) . Induced by homophilic trans-and cis-interactions, NCAM1 recruits the fibroblast growth factor receptor (FGF-R); both proteins are translocated to lipid rafts and signalling cascades including small GTPase Rho, kinases Fyn, Fak, and Erk are elicited driving neurite growth Schmid et al., 1999) . Clustering of ALCAM also results in the Table) , each with a density of at least 100/lm 2 , about 2000 IgSF-CAMs/lm 2 have to be assumed, indicating an about tenfold surplus of IgSF-CAMs which are not (directly) anchored to the cortical cytoskeleton.
stimulation of Erk which is crucial for axon elongation and proper navigation (Thelen et al., 2012a) . Recently this IgSF-CAM was shown to interact with the neurotrophin receptor (NTR) p75, which is also known to activate Erk (Wade et al., 2012) . As a down-stream target present in growth cones, activated Erk could inactivate SCG10, a member of the stathmin family which prevents microtubule growth (Grenningloh et al., 2004) . The IgSF-CAM-induced Erk-activation could hence support axon growth via this enhancing effect on the microtubules. Moreover, Erk also participates in the disassembly of actin-linked adhesion sites to the substratum (''focal contacts''), which is a pre-requisite for growth cone advance (Woo et al., 2009 ). In addition to only eliciting their intracellular signalling, some IgSF-CAMs have been shown to also modify the signalling outcomes of ''classical'' membrane receptors upon ligand binding: NRCAM associates with Neuropilin-2, a component of the Semaphorin 3B and 3F receptor complex whereas L1CAM and CHL1 interact with Neuropilin-1, a component of the Semaphorin 3A receptor complex (Castellani et al., 2000) . The association of L1CAM with Neuropilin-1 is required for activation of the kinase FAK and collapse of the growth cone (Bechara et al., 2008) , a pivotal reaction during axonal routing. Moreover, L1CAM could be shown to mediate the co-internalisation of Neuropilin-1 which is crucial for growth cone collapse (Castellani et al., 2004) . Also CNTN2 was found to bind to Neuropilin-1, stimulating the internalisation of L1CAM and Neuropilin-1 and their entry into two distinct endocytotic pathways . Together these studies point to important function of IgSF-CAMs in controlling receptor trafficking and signalling which is crucial for an adequate, integrative growth cone response.
The density of IgSF-CAMs in the plasma membrane is important for axon growth
Trafficking also plays a pivotal role in regulating the density of an IgSF-CAM in the axonal surface (see below). Generally, IgSF-CAMs display highest levels during the development of the nervous system. Some IgSF-CAMs have been shown to re-appear on adult axons during regeneration, suggesting indispensible roles of these IgSF-CAMs for the regain of axonal growth and path-finding capabilities (Irintchev and Schachner, 2012) . Whereas the rather static relationships of neighbouring cells appear to just need a sufficiently strong adhesion, the highly dynamic processes underlying axon advance require fine balanced IgSF-CAM levels: too strong as well as too weak IgSF-CAM-mediated attachment -and signalling -would jeopardize proper axon elongation and navigation. Not much information is available with regard to IgSF-CAM densities (in absolute numbers) in the plasma membrane: Rather low values (about 100/lm 2 ) were reported for NCAM1 and L1CAM (Nybroe et al., 1989; Scherer et al., 1992; Yang et al., 1995) . More recent analyses that made use of highly defined nanopatterned substrates (Figs. 4 and 5) revealed that a substrate density of at least 150 ALCAM molecules/lm 2 is required for axon formation and elongation (Thelen et al., 2007) . Moreover, about 1600 ALCAM molecules/lm 2 in the axonal plasma membrane could be determined by correlating the quantified cell surface densities directly to the -precisely known -densities of the nanopatterns on which the axon extends (Jaehrling et al., 2009 ). Thus the density of ALCAM in the plasma membrane is about an order of magnitude above the minimal requirements for attachment and axon advance. This again points to additional roles of IgSF-CAMs beyond just mediating attachment: In particular in growth cones, such a surplus of IgSF-CAMs that are not directly involved in trans-interactions mediating adhesion could be rather important for cis-interactions, which are necessary for eliciting the intracellular signalling overcoming restrictive threshold levels. Interestingly, the minimal density of substrate ALCAM required for axonal growth (150/lm 2 ) is almost identical with the density of cytoskeletal anchorage regions on the actin-spectrin network (188/lm 2 ). Together with the congruent hexagonal arrangement of both nanopattern and actin-spectrin network (Fig. 5) , this might indicate that (almost) all anchorage regions of the cortical cytoskeleton have to be connected to the substrate to allow for axon growth.
A minimal IgSF-CAM density in both the growth cone plasma membrane and the contacted cellular surfaces is obviously needed for axon advance since this process depends on a sufficient substrate ''grip''. With increasing IgSF-CAM density, the single affinities of the trans-interacting IgSF-CAM molecules do not only add up but also cis-interactions are also enhanced, creating a synergistic effect (avidity) which further boosts the trans-interactions between IgSF- Fig. 6 -Schematic view of a growth cone contacting an axon which presents the same IgSF-CAMs, L1CAM (blue) and ALCAM (green). Both CAMs are clustered and endocytosed in the central growth cone domain; whereas ALCAM is degraded and newly translated ALCAM is inserted into the plasma membrane, L1CAM is recycled and re-inserted at the growth cone tip (black arrows). Erk is centrally involved in the turn-over of both IgSF-CAMs (red arrows: activation).
CAMs, as has been found for L1CAM, CNTN2, and ALCAM (Hall et al., 2000; Kunz et al., 2002; van Kempen et al., 2001) . Also the intracellular signalling capacities of IgSF-CAMs are strongly enhanced by their clustering; in particular those IgSF-CAMs that depend upon assisted signalling have to cluster to become capable of an efficient interaction with their coreceptors, as shown for NCAM1 and L1CAM (Ditlevsen et al., 2008; Hansen et al., 2008; Kiselyov et al., 2005; Silletti et al., 2000) . Moreover, IgSF-CAM clustering enables the generation of a locally concentrated signal, sufficient to overcome the required threshold levels for the propagation into the cytoplasm which contains signal repressors and thus acts like a ''sink'' (Grecco et al., 2011) . The spatial restriction of the intracellular signalling (in the range of a few lm 2 ) is of crucial importance especially for growth cones since they have to perform precise steering reactions in response to minute local environmental cues, for example when touching another cell surface with just one filopodium (Fig. 1) . There is also an upper limit for an efficient IgSF-CAM density in the axonal plasma membrane: a very tight adhesion of growth cones to L1CAM substrate has been found to slow down axonal growth (Drazba et al., 1997) and ALCAM overexpression in primary neurons also reduces axon elongation rates on ALCAM substrate (Thelen et al., 2012a) . This has to be attributed not only to ''too sticky'' substrates/plasma membranes directly impeding axon advance but also to a dysregulation of the IgSF-CAMelicited signalling: Overexpression of L1CAM or ALCAM per se induces Erk signalling (Silletti et al., 2004) ; own unpublished observation), maybe due to the formation of abnormally large clusters as has been shown for overexpressed growth factor receptors (Grecco et al., 2011 ). An exaggerated or even spontaneous IgSF-CAM signalling is especially problematic for growth cones since they depend not only on a spatio-temporally restricted but also faithfully proportional transduction of the strength of environmental cues, e.g. the density of transinteraction partners in a contacted plasma membrane. A number of mechanisms have been discovered which could limit IgSF-CAM-clustering on growing axons: During nervous system development, NCAM1 is equipped with three long polysialic acid chains reducing its homophilic interactions (Pollerberg and Beck-Sickinger, 1993; Rutishauser, 2000) . Moreover, removal of IgSF-CAMs from the cell surface by cleavage as well as functional neutralization by shedding or conformational changes impedes their interactions (Hall et al., 2000; Maness and Schachner, 2007) and could thus help to prevent inadequately strong adhesion and signalling.
5.
The interactions of IgSF-CAMs with the cortical cytoskeleton affect their spatial distribution and function
Whereas the overall density of IgSF-CAMs in the plasma membrane is mainly determined by their expression levels, their distribution over the cell surface is influenced by the interaction with a spectrin-actin-based network situated just beneath the plasma membrane, the cortical cytoskeleton. NCAM1 was the first IgSF-CAM demonstrated to interact with the cortical cytoskeleton, binding with its long cytoplasmic domain to spectrin, thereby acquiring a reduced mobility in the plasma membrane (Pollerberg et al., , 1986 , and the capacity to accumulate at cell-cell contact sites (Persohn et al., 1989; Pollerberg et al., 1990) . This interaction allows for the association of kinase PKCbeta2 and is necessary for neurite growth (Leshchyns'ka et al., 2003) . Via spectrin, NCAM1 also recruits GAP43 which promotes neurite outgrowth and might affect its signalling (Hansen et al., 2008; Korshunova et al., 2007) . The dominant-negative disruption of the spectrin network abrogates NCAM1-induced neurite growth, revealing that the association of NCAM1 with the cortical cytoskeleton is pivotal for its function (Korshunova et al., 2007) . NRCAM binds upon homophilic interactions via ankyrin to the cortical cytoskeleton which supports its accumulation in cell contact sites (Thoumine et al., 2005) . Also NRCAM can couple to the actin flow, depending on interactions of its extracellular fibronectin type III repeats . In addition, L1CAM -and most likely the entire L1CAM subfamily-binds to ankyrin; this interaction mediates a stationary behaviour of L1CAM in the plasma membrane, affects lateral diffusion/turnover, increases cAMP levels, modulates neurite growth, and affects the growth direction (Dequidt et al., 2007; Gil et al., 2003; Herron et al., 2009; Nishimura et al., 2003; Ooashi and Kamiguchi, 2009; Whittard et al., 2006) . L1CAM also binds to proteins of the FERM (Four-point-one/Ezrin/Radixin/Moesin) family, which links it to the cortical cytoskeleton probably also in growth cones (Marsick et al., 2012) , and limits the formation of axonal protrusions and branches (Dickson et al., 2002; Fehon et al., 2010) . There is evidence that also ALCAM is able to interact with FERM family members since its intracellular domain possesses the necessary features (Jaehrling et al., 2009 ). Moreover, one specific spacing of nanopatterned ALCAM, the 70 nm distance, is incompatible with efficient axon growth (Jaehrling et al., 2009; Thelen et al., 2012b) ; modelling revealed that this spacing does not allow for the 3-fold anchorage of the spectrin hetero-tetramer to ALCAM (Fig. 4) .
The interaction of IgSF-CAMs with the cortical cytoskeleton moreover enables them to acquire distinct spatial distribution patterns within the neuronal cell surface, for example the restriction to axonal subregions as shown for NCAM1, L1CAM, NrCAM, and NFASC (Jenkins and Bennett, 2001; Dzhashiashvili et al., 2007; Pielage et al., 2005) . The hexagonally organized spectrin-actin network is thought to serve as a scaffold for the IgSF-CAMs since it provides a regularly spaced pattern of binding sites for them (Fig. 5) : The short actin filaments interlinking the long spectrin hetero-tetramers attach L1-CAM subfamily members via FERM family proteins to the lattice (Ramesh, 2004) . The spectrin hetero-tetramers anchor members of the L1CAM family via linker proteins of the Ankyrin and FERM families (Bennett and Baines, 2001) and bind NCAM1 directly (Leshchyns'ka et al., 2003; Pollerberg et al., 1987) . Since these binding sites in the middle region of the spectrin hetero-tetramer are partially overlapping, the number of proteins binding to this region at a time might be strongly limited, indicating an abundance of IgSF-CAMs compared to the number of anchorage sites to the spectrin-actin network (Fig. 5) . All IgSF-CAMs in the plasma membrane could be linked, however, to the cortical cytoskeleton by forming aggregates via cis-interactions around the ones which are anchored to spectrin-actin network. The spacing of single IgSF-CAMs or rather of IgSF-CAM aggregates by the spectrinactin network could thus prevent random clustering and thereby uncontrolled triggering of intracellular signalling cascades. It has indeed been shown that abolishing the coupling of IgSF-CAMs to an intact spectrin-actin network drives AL-CAM's avidity to high levels (Zimmerman et al., 2004) and abnormally promotes L1CAM-stimulated neurite growth (Hortsch et al., 2009) .
The anchorage of IgSF-CAMs to the cortical cytoskeleton might moreover allow for a local restriction to plasma membrane micro-domains (50-300 nm wide), defined by the cortical cytoskeleton and the integral membrane proteins linking it to plasma membrane like ''pickets'' and ''fences'', respectively (Grecco et al., 2011) . NCAM1 deficient neuronsmissing a considerable amount of such ''pickets'' -indeed show a degeneration of the spectrin scaffold (Sytnyk et al., 2006) . Moreover, NCAM1 is hindered in its diffusion by a confinement within small domains which is abolished upon destruction of the cortical cytoskeleton (Conchonaud et al., 2007) . On the one hand, the cytoskeletal restraints of IgSFCAMs are of particular importance for navigating growth cones since they depend on a faithful ''fine-grained'' spatial transduction of environmental cues to the inside. IgSF-CAMs clustering could help keeping their signalling local, as other clustered integral membrane proteins have been found to stay within the micro-domains whereas monomers ''hop over the fences'' (Grecco et al., 2011) . The cAMP/Calcium signal downstream of L1CAM has indeed been found to be locally restricted in growth cones (Ooashi et al., 2005) . On the other hand, cortical cytoskeleton-governed IgSF-CAM spacing also appears to negatively regulate IgSF-CAM-mediated adhesion and signalling since for both processes clustering, i.e. enhancing avidity, is important and this might be impeded by a rigid cortical cytoskeleton-based spacing. Enhanced IgSF-CAM clustering, signalling, adhesion, and neurite outgrowth induction was indeed observed upon disruption of the actin filament system or the connection to it (Nelissen et al., 2000; Zimmerman et al., 2004) . The cortical cytoskeleton could be able to prevent uncontrolled IgSF-CAM cis-interactions clustering not only at low IgSF-CAM densities by keeping all IgSF-CAMs apart from each other: At higher IgSF-CAM densities, when a substantial proportion of the IgSF-CAM population cannot be directly connected to the cortical cytoskeleton (i.e. not kept at a distance), these IgSF-CAMs are likely to cluster to the cortical cytoskeleton-bound IgSF-CAMs; in this scenario, the actin-spectrin lattice would rather play a role in spacing IgSF-CAM clusters than individual IgSF-CAMs (Fig. 5) .
6.
The density of IgSF-CAMs on growth cones is regulated by local translation and degradation Until recently, the production of IgSF-CAMs was believed to happen only in the soma, also of those IgSF-CAMs that are restricted in their presence to the axonal compartment, i.e. all axon growth relevant IgSF-CAMs except for NCAM1. This concept was supported by the finding that IgSF-CAMs possess sorting motifs by which they are targeted to the axonal compartment (El-Husseini Ael et al., 2001; Kamiguchi and Lemmon, 1998; Ledesma et al., 1998) . However, since there is a considerable distance between growth cone and soma and the growth cone nevertheless has to react swiftly, a local production of IgSF-CAMs in growth cones is obviously advantageous (Fig. 6) . The mRNA of NCAM1 was indeed found in growth cones (Brittis et al., 2002) ; this mRNA contains CPEs in the 3 0 UTR which permit its transport to the growth cone while at the same time inhibiting its translation. In a recent determination of growth cone transcriptomes, the mRNA of L1CAM, CHL1, and CNTN2 was detected (Zivraj et al., 2010) . Also ALCAM mRNA contains CPEs in the 3'UTR; it could be shown to be transported to the growth cone and translated there in an Erk-dependent fashion (Thelen et al., 2012a) . The CPE-regulated growth cone translation of ALCAM is pivotal for axon elongation and axonal preference for ALCAMcoated lanes. Interestingly, overexpression of ALCAM mRNA containing these CPEs could be only achieved in cell lines, probably due to a dysregulated CPEB phosphorylation, but not in endogenously ALCAM-expressing primary neurons, pointing to the importance of also a limitation of ALCAM's expression levels (Thelen et al., 2012a) .
CPEs not only prevent translation during mRNA transport along the axon but also enable the growth cone to store the mRNA so that a very rapid synthesis in reaction to an environmental cue is possible. Upon activation of ALCAM, e.g. by contact of the growth cone with an axon which induces homophilic trans-and cis-interactions, the elicited Erk signalling could thus rapidly trigger ALCAM translation in the growth cone, increasing the ALCAM density transiently and locally. This is very likely to cause enhanced ALCAM clustering, further boosting the trans-interactions and thereby strengthening the contact between growth cone and axon. Moreover, ALCAM's local translation could also allow for a rapid stop of synthesis as soon as the ALCAM trans-interactions break off (as is the case when a growth cone loses contact to the axon bundle) since ALCAM's Erk activation is immediately omitted. Both mechanisms, the swift onset and rapid end of translation, thus could support the navigation of axons, by ''rewarding'' growth cone tracking towards the target region by continuously keeping contact to suitable axon bundle (i.e. an ALCAM presenting one) and ''punishing'' their straying away from such bundles. Conceivably, the amount of activated ALCAM in the growth cone or its sub-compartments, which depends on ALCAM's density in the growth cone plasma membrane, critically regulates ALCAM synthesis as a limiting factor for Erk activation and thereby controls the initiation of translation.
Compared to axon and soma, growth cones generally display about 2 to 3-fold higher IgSF-CAM levels and also a stronger adhesion (Krivko et al., 1993) ; the density of adhesion molecules on growth cones, however, has to be kept below levels which would impede efficient axon advance. This is not only achieved by limiting the expression levels of the IgSF-CAMs but also by regulating their internalisation. Upon clustering, ALCAM is ubiquitinated, clathrin-dependently internalised, and delivered to the degradation pathway . The ALCAM loss is swiftly replaced by a proportional ALCAM synthesis in the growth cone so that its plasma membrane density is permanently kept in balance (Thelen et al., 2012a) . These two processes, degradation and synthesis (Fig. 6) , by which aged ALCAM molecules are replaced by fresh ones, are crucial for the preference of axons for ALCAM-presenting micro-lanes mimicking axon bundles (Thelen et al., , 2012a . Also NCAM1, for which the mRNA has been demonstrated in growth cones, is endocytosed and (partially) degraded in the growth cones . For those IgSFCAMs which are translated in the growth cone, degradation hence appears to be the suitable mechanism by which the aged proteins are replaced by fresh ones. In contrast, L1CAM, for which mRNA was shown in growth cones (Zivraj et al., 2010) but growth cone translation was not found (Thelen et al., 2012a) , is largely recycled after endocytosis in growth cones, a process which is required for an effective elongation on L1CAM substrate (Kamiguchi and Yoshihara, 2001; . Interestingly, L1 is endocytosed together with CNTN2 and Neuropilin, but is then trafficked in a distinct pathway . Endocytosis and (re-)insertion of IgSF-CAMs might be crucial for the ''re-sensitization'' of the IgSF-CAM population in the plasma membrane, as has been observed for some other receptors (Piper et al., 2005) . Furthermore, this turnover process appears to be necessary not only for balancing the overall density of the IgSF-CAMs but also for creating local IgSF-CAM enrichments/depletions on the growth cone (Fig. 6) . L1CAM has been shown to be re-inserted into the plasma membrane at the growth cone front by directed membrane trafficking. This creates not only an overall adhesive gradient, i.e. a polarity, from growth tip to rear end (Kamiguchi and Lemmon, 2000) but also delicate local differences in IgSF-CAM density, pivotal for a proper growth cone navigation in response to the spatial-temporally changing guidance cues (Itofusa and Kamiguchi, 2011) .
Conclusions
In the past thirty years, solid evidence could be collected that IgSF-CAMs play pivotal roles during nervous system development and regeneration. Further research at a nanoscopic level is needed, however, to increase our knowledge with respect to the physiological distribution and spacing of IgSF-CAMs and their signalling in growing axons. The exact kind of impact these IgSF-CAM features have on axon growth and guidance is not just an academic question; this knowledge will be also helpful for the design of paradigms promoting regenerative axonal growth, such as biomimetic implants equipped with the most suitable types of IgSF-CAMs in optimal density and spacing. After traumatic injury or degenerative loss, such an implant could serve as an artificial axon bundle enabling axons to grow on it and thereby guiding growth cones to their targets.
